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ABS TRACT 
The absorpt ion by 2 8  d i f f e r e n t  samples of CO 
5400-6600 cm-l (1.6 p)region 
spectrometer having a s p e c t r a l  r e s o l u t i o n  between approximately 
0 .5  and 1 . 3  em-'. 
t i o n  c e l l s ;  one having a maximum path  of 933 meters and used a t  a 
maximum pressure of 2 .5  atm. The o the r  was used a t  pa ths  as long 
a s  32 .9  meters and a t  pressures  a s  high as 14.6 atm. Photographs 
of t he  spec t r a  of  a l l  the  samples a s  wel l  as  a t a b l e  of t ransmi t tance  
versus  wavenumber a r e  included. Also presented i s  a t a b l e  of 
i n t eg ra t ed  absorptance v versus  v ,  where approximately 380 
and C 0 2  + N2 i n  t he  2 has been s tud ied  by t h e  u s e  of a 
Samples were contained i n  two d i f f e r e n t  absorp- 
/ A(v)dv 
V '  
values  a re  tabula ted  fo r  the  l a r g e s t  samples. 
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SECTION 1 
INTRODUCTION AND SUMMARY 
-1 
Most of t h e  abso rp t ion  by C 0 2  i n  t he  5400-6600 cm 
summation bands (06O1, 14'1, 22'1, and 30'1) and t h e i r  a s soc ia t ed  d i f f e r e n c e  
bands. Besides these  bands, t h e r e  a r e  a few o t h e r s  which are extremely 
weak and a r e  no t  observable except f o r  very l a r g e  samples. But, al though 
they a r e  very weak, they may produce most of t h e  abso rp t ion  over a few 
s m a l l  i n t e r v a l s .  
r eg ion  i s  due t o  four  
A t  p r e s e n t  t h e r e  is  p a r t i c u l a r  i n t e r e s t  i n  t hese  C 0 2  bands because a 
d e t a i l e d  knowledge of them i s  important i n  the  i n v e s t i g a t i o n  of t h e  
atmospheres of Mars and Venus. This wavenumber r eg ion  i s  use fu l  s i n c e  
i t  i s  r e l a t i v e l y  f r e e  of abso rp t ion  by o the r  gases which occur i n  the  
e a r t h ' s  atmosphere; t h e r e f o r e ,  s p e c t r a  of the p l a n e t s  can be obtained 
from ground l e v e l ,  
t h a t  t h e  abso rp t ion  of t h e  r a d i a t i o n  as it passes through t h e  e a r t h ' s  
atmosphere i s  small  and can be accounted f o r .  
Howard, Burch and W i l l i a m s '  have made some q u a n t i t a t i v e  measurements on 
t h e  a b s o r p t i o n  i n  t h i s  region,  b u t  t h e  u s e  of t h e i r  d a t a  i s  l imi t ed  by 
t h e  r e l a t i v e l y  low s p e c t r a l  r e s o l u t i o n .  
t i o n s  of s e v e r a l  hundred abso rp t ion  l i n e s  wi th  very good accuracy and has 
i d e n t i f i e d  many bands which had not  been observed previously;  b u t  only 
l i m i t e d  information about t h e  amount of abso rp t ion  by a given sample can 
be ob ta ined  from these  r e s u l t s .  
t i o n  by l a r g e  samples; b u t  h i s  measurements were made w i t h  only moderate 
r e s o l u t i o n  and w i t h  samples a t  pressures  of s e v e r a l  atmospheres. 
Furthermore, t he  C02 bands a r e  s u f f i c i e n t l y  weak 
Courtoy2 has measured t h e  posi-  
Kuiper3 has a l s o  i n v e s t i g a t e d  t h e  absorp- 
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Because of the l i m i t a t i o n s  of t he  previous work, t h e r e  was s t i l l  need f o r  
d a t a  on samples covering wide ranges of p re s su re  and absorber thickness  
and with r e s o l u t i o n  s u f f i c i e n t l y  good t h a t  a t  least  some l i n e s  from most 
of t he  bands could be resolved.  The p resen t  i n v e s t i g a t i o n  was undertaken 
f o r  the purpose of ob ta in ing  these  da t a .  A long absorpt ion c e l l  w i th  pos- 
s i b l e  paths as  g r e a t  as  933 meters enabled us t o  study samples having very 
l a r g e  absorber thickness  a t  p re s su res  which a r e  no t  so  g r e a t  a s  t o  smooth 
out the s t r u c t u r e  i n  the band. Because of t he  long paths ,  we were a b l e  t o  
observe and i d e n t i f y  f i v e  new CO bands i n  t h i s  region which have not  been 
r epor t ed  previously.  2 
A s h o r t e r  c e l l  was a l s o  used t o  i n v e s t i g a t e  samples a t  higher p re s su res  i n  
order t h a t  band s t r e n g t h s  could be measured e a s i l y .  The s t r e n g t h s  of t he  
more important bands were determined and t h e  r e s u l t s  a r e  t abu la t ed  i n  
Sec t ion  3. The widths of many of the l i n e s  can a l s o  be determined from 
"curves of growth" of t he  average absorptance over r e l a t i v e l y  narrow 
i n t e r v a l s .  Once the s t r e n g t h s  and widths of t h e  l i n e s  have been found, 
t he  absorptance a t  any wavenumber can be c a l c u l a t e d  f o r  a g r e a t  v a r i e t y  
of samples, even though they may be non-uniform i n  temperature and p res su re .  
Spectra  of 2 8  samples with p re s su res  ranging from 0.02 t o  14.6 atmospheres 
and with path lengths  from 4 t o  933 meters have been reproduced and d i g i t i z e d .  
The reproduced s p e c t r a  a r e  shown i n  Sec t ion  3,  and a t a b l e  of t r ansmi t t ance  
T(v) versus wavenumber v i s  presented i n  S e c t i o n  4 .  Sec t ion  5 con ta ins  a 
t a b l e  of v t h e  in t eg ra t ed  absorptance,versus  v.  V I  i s  on the  low 
wavenumber s i d e  of t he  r eg ion  considered f o r  a given sample, and t h e  tabu- 
l a t i o n s  a re  made f o r  approximately 380 d i f f e r e n t  values  of v f o r  t h e  
l a r g e s t  samples. 
V , I  A(v)dv, 
1-2 
S E C T I O N  2 
EXPERIMENTAL METHODS 
2 . 1  GAS SAMPLING 
Samples of C 0 2  and C 0 2  + N2 were contained i n  two d i f f e r e n t  abso rp t ion  
c e l l s  which have been descr ibed previously? The longer c e l l  has a 
base l e n g t h  of approximately 30 meters and was used a t  as many as 32 
passes ,  g iv ing  a t o t a l  p a t h  l eng th  of 933 meters. It is approximately 
0.9 meters i n  diameter and can be evacuated t o  less than 1 micron of Hg 
or  p re s su r i zed  t o  a s  much a s  2 .5  atmospheres. The s h o r t e r  c e l l  has a 
base l e n g t h  of approximately 1 meter and w a s  used a t  a s  many as 32 passes.  
It can be evacuated or  p re s su r i zed  t o  as much as 15 atmospheres. 
The CO was drawn from the  vapor i n  a dewar which contained both l i q u i d  
and vapor maintained a t  a temperature less than about -2OOC by a r e l i e f  
valve which kept the p re s su re  from exceeding 300 psig.  We found t h a t  
t h e r e  w a s  considerably l e s s  H 0 i n  samples drawn from t h e  vapor over t he  
l i q u i d  r a t h e r  than from the  l i q u i d .  The H20 content  w a s  a l s o  much lower 
than i n  samples obtained from commercial cy l inde r s  a t  room temperature.  
The amount of H20  i n  t h e  N2 was much less than t h a t  i n  t h e  C02 ,  and i t  
was n o t  necessary t o  t ake  extreme care  t o  reduce the  amount of H 2 0  pu t  
i n t o  t h e  sample with t h e  N2. I t  w a s  drawn o f f  a s  a l i q u i d  i n t o  a hea t  
exchanger where i t  evaporated and entered t h e  c e l l .  
2 
2 
C 0 2  + N mixtures were mixed i n  the  c e l l .  CO was introduced t o  the  
d e s i r e d  p r e s s u r e ;  N w a s  then added and mixed by f ans  i n s i d e  t h e  absorp- 
t i o n  c e l l s .  N o  at tempt was made t o  change the  r e l a t i v e  abundances of 
t h e  d i f f e r e n t  i so topes  of C o r  0 i n  the samples s tud ied .  It i s  probably 
s a f e  t o  assume t h a t  t he  n a t u r a l  abundances of t hese  isotopes w e r e  p re sen t  
(C12 ,  98.9%; C13, 1.1%; OI6,  99.76%; 017, 0.04%; 0l8, 0 . 2 0 % ) .  Some re- 
s u l t s  discussed i n  a previous r e p ~ r t ~ i n d i c a t e  h a t  t he  abundance of C 13 




Sample pressures  less,  than approximately 0 .06  a t m  were measured wi th  a 
U-tube o i l  manometer, and those i n  the  range 0.06 < P < 2 atm wi th  a 
U-tube Hg manometer. A l l  p ressures  > 2 a t m  were measured wi th  a 
bourbon-type gauge. For a l l  except t he  lowest pressures  used, t h e  e r r o r s  
a r i s i n g  from t h e  uncer ta in ty  i n  t h e  pressure  measurements a r e  probably 
n e g l i g i b l e .  
Since CO:, va r i e s  s i g n i f i c a n t l y  from a p e r f e c t  gas  a t  some of t h e  h igher  
p re s su res  used i n  t h i s  i n v e s t i g a t i o n ,  i t  was necessary t o  account f o r  t h e  
Van der  Waals' f o rces  g iv ing  r i s e  t o  the  dev ia t ion  from a p e r f e c t  g a s .  
I n  c a l c u l a t i n g  the  absorber  th ickness  u ,  t h e  fol lowing equat ion was used: 
STP * (atm cm) 
27 3 
29 6 
u = W p L -  
L i s  the  geometr ical  path length i n  cent imeters ,  
p i s  the p a r t i a l  p ressure  of 'C02 i n  atmospheres,  
2731296 accounts f o r  t he  d i f f e r e n c e  i n  dens i ty  
between s tandard temperature and room temperature 
a t  which the  measurements were made. 
Van der  Waals' f o rces  i n  C02 and i s  given adequately 
f o r  t h e  pressures  used i n  t h i s  i n v e s t i g a t i o n  by 
W i s  a c o r r e c t i o n  term which accounts  f o r  t he  
W = 1.00 + 0.0047 p .  (2-2) 
In  order  t o  r e l a t e  t h e  pressure  of a sample t o  t h e  half-width of t he  
absorp t ion  l i n e s ,  i t  is  necessary t o  account f o r  t h e  d i f f e r e n t  broadening 
a b i l i t i e s  of C02 and N2 wheg dea l ing  wi th  mixtures  of t hese  two g a s e s .  
Burch, Gryvnak and W i l l i a m s  have used an equiva len t  pressure  Pe g iven  
by 
P = 1.3 p + (P - p ) ,  (2-3) e 
where P i s  t h e  t o t a l  p re s su re .  It i s  noted t h a t  t h e  equiva len t  pressure  
approaches t h e  t o t a l  p ressure  f o r  a very d i l u t e  mixture of C02 i n  N2, 
which i s  a good approximation t o  the  e a r t h ' s  atmosphere.  
Since the  simple c l a s s i c a l  theory p r e d i c t s  t h a t  t h e  half-width of a l i n e  
i s  propor t iona l  t o  the dens i ty  of molecules,  Equation (2-3) should 
probably be modified t o  account f o r  t h e  n o n - l i n e a r i t y  between t h e  dens i ty  
of C02 and i t s  p a r t i a l  p re s su re .  No c o r r e c t i o n  i s  necessary f o r  N2 s i n c e  
i t  behaves much more l i k e  a pe r fec t  gas .  The adjustment was made i n  the  
f o 1 lowing way : 




The self-broadening f a c t o r  1 .3  i s  not v a l i d  i n  a l l  p o r t i o n s  of t h e  spectrum. 
But i n  a d e t a i l e d  s tudy of t he  shapes of col l is ion-broadened l i n e s  which 
w i l l  be  described i n  a s e p a r a t e  r epor t ,  7 we found t h a t  i t  i s  s a t i s f a c t o r y  
i n  regions where most of t he  absorpt ion i s  due t o  l ines  whose c e n t e r s  a r e  
a few t e n t h s  of a cm-' away. Therefore, i t  probably can be used through- 
ou t  most of t he  r eg ion  covered by t h i s  r e p o r t .  However, i t  should be 
considerably g r e a t e r  i n  a r eg ion  such as t h a t  between 7100 cm-l and the 
head of t he  0'3 band a t  approximately 6990 cm" where t h e  abso rp t ion  i s  
due t o  t h e  wings of l i n e s  whose centers  a r e  seve ra l  cm'l away.5 The 
d i f f e r e n c e  i n  the  self-broadening f ac to r  a r i s e s  from the  f a c t  t h a t  t he  
shape o f  the extreme wings of a self-broadened l i n e  i s  q u i t e  d i f f e r e n t  
from t h a t  of a nitrogen-broadened l i n e .  
2 . 2  RECOR3ING AND CALIBRATION OF SPECTRA 
The s p e c t r a  were obtained with an Ebert-type spectrometer whose main 
mirror  has a 75 cm foca l  length.  It u t i l i z e d  a s m a l l  g r a t i n g  having a 
ru l ed  a r e a  64 x 64 mm wi th  600 lines/mm and blazed a t  1.6 microns. 
g r a t i n g  was used i n  the  f i r s t  order  and a S i  f i l t e r  e l iminated overlapping 
o rde r s  of s h o r t e r  wavelength. A PbS c e l l  cooled w i t h  l i q u i d  n i t rogen  was 
used as the  d e t e c t o r .  It w a s  not necessary t o  cool t he  d e t e c t o r  below dry 
i c e  temperature f o r  ope ra t ion  i n  t h i s  wavelength region, but  the dewar w a s  
designed t o  hold the  l i q u i d  n i t rogen  f o r  use a t  longer wavelengths. Cool- 
i ng  by l i q u i d  n i t rogen  was, therefore ,  more convenient and was used s i n c e  
t h e  s igna l - to -no i se  r a t i o  w a s  approximately the  same a t  both temperatures. 
The. 
The spectrometer i s  "home made" and was contained in a tank which could 
be evacuated t o  e s s e n t i a l l y  e l iminate  abso rp t ion  due t o  atmospheric gases 
o u t s i d e  of the abso rp t ion  c e l l .  The spectrometer tank, as w e l l  a s  another 
tank containing the  r a d i a t i o n  source and chopper, w e r e  connected t o  the 
abso rp t ion  c e l l  by means of f l e x i b l e  bellows so t h a t  a l l  of t h e  o p t i c a l  
p a t h  e x t e r n a l  t o  t h e  abso rp t ion  c e l l  could be evacuated. 
Three d i f f e r e n t  r e s o l u t i o n  schedules were used i n  r eco rd ing  t h e  spec t r a :  
t h e  approximate s p e c t r a l  s l i t w i d t h s  for  each schedule a t  t h r e e  d i f f e r e n t  
wavenumbers a r e  given i n  Table 2-1. 
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1.35 
Resolution Schedule A was used i n  a few reg ions  of t h e  spectrum t o  
r e so lve  c lose ly  spaced l i n e s ;  bu t  because of t h e  small  s i g n a l  a v a i l a b l e  
while using t h i s  schedule, considerable  time w a s  r equ i r ed  t o  scan even 
a s h o r t  spectrum. Therefore,  B, which r e p r e s e n t s  a compromise between 
r e s o l u t i o n  and scanning time, w a s  used f o r  t h e  ma jo r i ty  of t h e  da t a .  
Schedule C w a s  used f o r  some s p e c t r a  of samples a t  s e v e r a l  (32)  passes  
of t he  absorpt ion c e l l  f o r  which the s i g n a l  w a s  low. The schedule used 
f o r  each spectrum i s  l i s t e d  i n  Table 3-2. 
C 0 2  and CH4 l i n e s  whose p o s i t i o n s  a r e  wel l  known, o r  could be ca l cu la t ed ,  
were used for  the wavenumber c a l i b r a t i o n  of t h e  s e c t r a .  The c a l i b r a t i o n  
l i n e s  a r e  separated by an average of about 10 cm-', which i s  s u f f i c i e n t l y  
c l o s e  t h a t  t h e  spectrum could be assumed t o  be l i n e a r  between them. A l l  
the  l i n e s  used f o r  c a l i b r a t i o n  between 5800 and 6600 cm" a r e  l i s t e d  i n  
Table 3 - 3  , and t h e i r  p o s i t i o n s  a r e  shown on t h e  s e c t r a  i n  S e c t i o n  3. 
The c a l i b r a t i o n  l i n e s  used between 5500 and 5700 cm-' a r e  shown i n  F i g .  3-1. 
Background curves were obtained with the  abso rp t ion  c e l l  evacuated f o r  
each number of passes  f o r  which sample s p e c t r a  were obtained.  The back- 
groundcurveswre d i f f e r e n t  f o r  d i f f e r e n t  numbers of passes  s i n c e  t h e  
r e f l e c t i v i t y  of the m i r r o r s  i n  the  mul t ip l e -pass  o p t i c s  v a r i e s  w i t h  
wavenumber. The appropr i a t e  background curve,  which r e p r e s e n t s  100 per-  
cent transmittance,  was then f i t t e d  t o  each spectrum and t r aced  on i t .  
A l l  t he  sample s p e c t r a  extended beyond t h e  r eg ion  of abso rp t ion  on bo th  
ends of the band so  t h a t  dependable " t i e - p o i n t s "  between a spectrum and 
i t s  background could be e s t a b l i s h e d .  The t r ansmi t t ance  was determined 
from the r a t i o  of t he  d e f l e c t i o n  of t he  sample spectrum t o  t h a t  of the 
background curve a t  t h e  same wavenumber. 
Each spectrum was examined and compared w i t h  o t h e r s  as a check f o r  
consistency. Small changes were made t o  account f o r  H20 abso rp t ion .  
The co r rec t ions  could be made reasonably a c c u r a t e l y  by comparing the 
2-4 
spectra with those of H 2 0  + N2 samples at the proper path lengths and 
pressures. The corrected spectra were then replotted and are shown in 
Section 3 .  As each spectrum was being replotted, pairs of values re- 
lated to transmittance and wavenumber were punched on IBM cards which 
served as input for a computer program used to calculate transmittance 





DISCUSSION OF ABSORPTION BANDS 
i 
t 
3.1 IDENTIFICATION AND FEATURES OF THE ABSORPTION BANDS 
A l l  of t he  CO bands which one might expect t o  produce apprec i ab le  
abso rp t ion  i n  t h e  r e g i o n  from 5400 t o  6600 c m - I  are l i s t e d  i n  Table 3-1. 
The p o s i t i o n s  of t h e  band c e n t e r s  of most cf  t h e  bands a r e  taken from 
Courtoy,2 while  c e n t e r s  of t h e  o t h e r s  were c a l c u l a t e d  from energy l e v e l s  
t abu la t ed  by S t u l l ,  Wyatt and P la s s .8  
t h e  lower l e v e l  i s  omitted when it  i s  OOOO. 
weak bands i n  t h i s  region,  p a r t i c u l a r l y  some from t r a n s i t i o n s  from higher  
energy l e v e l s ,  which could be observed wi th  b e t t e r  r e s o l u t i o n  and long 
paths .  However, t h e i r  c o n t r i b u t i o n  i s  c e r t a i n l y  s m a l l  a t  room temperature 
o r  below. The bands l i s t e d  a r e  l imited t o  those observed by Courtoy 
p l u s  those  we observed and w e r e  a b l e  t o  i d e n t i f y  wi th  reasonable  c e r t a i n t y .  
2 
I n  t h e  n o t a t i o n  f o r  t h e  t r a n s i t i o n s  
There are probably o t h e r  very 
2 
With t h e  except ion of f i v e  of t h e  weaker bands l i s t e d ,  a l l  those i n  t h i s  
r eg ion  ar ise  from t r a n s i t i o n s  i n  which t h e r e  is a change of one i n  v 
t h e  quantum number a s s o c i a t e d  w i t h  v3 (bv3 = 1). 
v1 = 2 > ~ ~ ,  a l l  bands f o r  which 2Avl + @v2 is constant  occur c l o s e  t o  
each o t h e r  i f  Av3 is t h e  same. 
i n  Table 3-1 having @v3 = 1. 
s l i g h t l y  l a r g e r ,  t h e  bands having the l a r g e s t  change i n  VI occur a t  
s l i g h t l y  higher  f requencies .  v1 = 1388.2 and v2 = 667.4  f o r  C 12 O 2  16 . 
3’ Since f o r  C02, 
Y 
2Avl+ Av2 = 6 f o r  a l l  t h e  bands l i s t e d  
Since v1 is  not  exac t ly  equal t o  2v2, b u t  
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TABLE 3-1 
C 0 2  BANDS BETWEEN 5500 and 6600 cm-' 
Band 
-1 cm 
Center Trans i t  ion Spec ies  
5584. 28a 00 '3-1 0'0 1 2 ,  16, 16b 
5687 .05a 00'3-0 2'0 1 2 ,  16, 16 
5857. 5ga 02z2 1 2 ,  16, 18  
5951.53 06 1 13, 16, 16 
10°2 12, 16, 18  
0 7; 1-0 1 '0 1 2 ,  16, 16 6020.75 
06 1 1 2 ,  16, 16 6075.93 
5959. 57a 
6088.16 1 511-0110 
6119.56 14' 1 
6196.12 1511+-0110 
6227.88 14'1 
6241.93 2 2 O 1  
13, 16, 16 
13, 16, 16 
1 2 ,  16, 16 
12,  16, 16 
13, 16, 16 
6243.54 2 3' 1-0 1 ' 0  13, 16, 16 
6308.15 24°1+0200 12, 16, 16 
6347.81 2 2 O 1  12, 16, 16 
6356.25 23 1-0 1 ' 0  1 2 ,  16, 16 
6363.58 30'1 13, 16, 16 
6397.51 3 1 il-0 1 ' 0  13, 16, 16 
30 1 12, 16, 16 6503.05 
12, 16, 16 6536.43, 3 1' 1-0 1 '0 
03l2  1 2 ,  16, 16 6538.03 
a 
To the  knowledge of t he  au thors ,  t hese  bands have 
not  been observed previous ly ;  band c e n t e r s  w e r e  
ca l cu la t ed  from energy l e v e l s  t abu la t ed  by S t u l l ,  
Wyatt and P l a s s .  8 
2 a r e  taken from Courtoy. 
Centers  f o r  a l l  o t h e r  bands 
bNumbers r ep resen t  i so topes  of C, 0, and 0, 





Because of anharmonicity, a combination o r  fundamental band u s u a l l y  
occurs a t  a s l i g h t l y  higher  wavenumber than  i t s  a s s o c i a t e d  d i f f e r e n c e  
band which a r i s e s  from a t r a n s i t i o n  from an exc i t ed  s t a t e  w i t h  t h e  
changes i n  a l l  t h r e e  quantum numbers the  same. However, t h e  d i sp lace -  
ment of t he  bands v a r i e s  from one band t o  ano the r ,  depending on Fermi 
resonance. It can be seen t h a t  t h e  30°1 and 22'1 bands occur a t  lower 
wavenumbers than  t h e i r  a s s o c i a t e d  d i f f e r e n c e  bands a r i s i n g  from t r a n s i -  
t i o n s  from t h e  0l1O s t a t e .  
oppos i t e  i s  t r u e  f o r  t h e  14'1 and 06'1 bands. 
The 02'2 and 10°2 bands of C12016018 a r e  f o r b  den 
00°3+ 10°O and t h e  00°3c0200 bands occur near  each o t h e r  s i n c e  t h e  upper 
l e v e l  i s  comnon and 2Av A r e p l o t t e d  
spectrum of t h e s e  bands i s  shown i n  Figure 3-1; i t  was recorded f o r  t h e  
l a r g e s t  sample s tud ied .  
-1 A r e p l o t t e d  spectrum of t h e  r eg ion  from approximately 5800 t o  6600 c m  
i s  shown i n  Figure 3-2 f o r  t h e  same sample. The p o s i t i o n s  of t h e  c e n t e r s  
of many of t h e  bands are i n d i c a t e d .  
samples a r e  shown i n  Figures  3-3 Ehrcugh 3-6 and 3-7 through 3-10 f o r  t h e  
s p e c t r a l  regions 5900 to 6275 cm- 
The numbers appearing i n  r e c t a n g l e s  a r e  t h e  numbers ass igned t o  t h e  
samples which a r e  descr ibed i n  Table 3-2, t h e  t a b l e  of sample parameters.  
However, a s  more f r equen t ly  occurs ,  t h e  
120216; but  
t hey  appear because of t h e  asymmetry of t h e  C i!l 0l6O f "moClecule. The 
+ Av2 i s  t h e  same f o r  both bands. 1 
Spectra  of t h e  remainder of t h e  
and 6275 t o  6600 crn-l, r e s p e c t i v e l y .  
The o t h e r  numbers appearing i n  some of t h e  s p e c t r a  r e f e r  t o  t h e  l i n e s  
used i n  t h e  wavenumber c a l i b r a t i o n .  The p o s i t i o n s  of t h e s e  l i n e s  a r e  
given i n  Table 3-3. 
P o r t i o n s  of t h e  s p e c t r a  of some of t he  samples f o r  which t h e  abso rp t ion  
A(v) w a s  ve ry  small have been omitted. 
t o  conserve space,  and no attempt was made t o  put them i n  any p a r t i c u l a r  
o r d e r .  
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WAVENUMBER ( c m - ' )  
F I G U R E  3-1 SPECTRUM OF THE OO"3-02"O AND 0 0 " 3 ~ 1 0 " 0  BANDS FOR SAMPLE 1 
T N  THE R E G I O N  BETWEEN 5450 AND 5710 cm-1. 
The l i n e s  t h a t  a r e  numbered were  used  i n  c a l i b r a t i o n  and t h e i r  
wavenumber posi;ions ( c m - l )  are; 
1 5507.8 (H20) 6 5571.7 11 5621.6 (H,O) 16 5672.3 
2 5541.8 7 5581.1 1 2  5641.1 1 7  5580.3 
3 5550.2 8 5590.5 13 5649.8 18 5685.5 
19 5692.0 4 5558.1 9 5632.8 (B20) 14 5658.1 
5 5565.2 10 5614.0 (H20) 15  5665.5 
3 -4 
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These spec t r a  were obtained wi th  higher  r e s o l u t i o n  f o r  c a l i b r a t i o n  
purposes.  No c a l c u l a t i o n s  were made fo r  t h e  t r ansmi t t ance  and 
i n t e g r a l  t ab les .  
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Table 3-2 (Cont'd) 
Sam. L u Res. 



















1 5  
16 
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Pages on which s p e c t r a  appear 
6600- 6275- 
6275 5900 
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Tabla? 3-3 
CALIBRATION LINES BETWEEN 5800 AND 6600 cm" . 
v 




No. c m  No. c m  No. c m  -1 











1 2  
13  
14  
1 5  
16 





































































































The c a l i b r a t i o n  l i n e s  designated w i t h  an  M are CH4 l i n e s  
whose wavenumbers a r e  taken from Mohler.' The remaining 
l i n e s  a r e  CO 
M 
wi th  wavenumbers t aken  from Courtoy. 2 2 
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3.2 BAND STRENGTHS 
The s t r e n g t h ,  o r  i n t e n s i t y ,  of an absorp t ion  band is given by 
sV = sK(v)dv, (3-1) 
where t h e  i n t e g r a t i o n  is  performed over a l l  v f o r  which t h e r e  i s  appre- 
c i a b l e  absorp t ion .  K(v), t h e  absorp t ion  c o e f f i c i e n t ,  i s  def ined i n  terms 
of T ' (v) ,  t h e  t r u e  t r ansmi t t ance  which would be observed wi th  i n f i n i t e  
r e s o l v i n g  power, by 
TI(v)  = exp c - u K(v) , o r  - . tLT ' (v )  = u K(v). (3-2) 
Of course,  i f  more than one band con t r ibu te s  t o  t h e  abso rp t ion  a t  a 
given wavenumber, K(v) used i n  Equation (3-1) must i nc lude  only t h e  
p o r t i o n  due t o  t h e  band whose s t r e n g t h  i s  being determined. The method 
used t o  e s t ima te  t h e  con t r ibu t ions  of each band i n  overlapping reg ions  
i s  descr ibed  below. 
The s t r e n g t h s  of t he  bands included in  t h i s  r e p o r t  a r e  e s s e n t i a l l y  
independent of p re s su re  over t h e  range of p re s su res  used. However, a s  
t h e  p re s su re  i s  increased  t h e  l i n e s  a re  broadened u n t i l  a t  14.6 atm., 
t h e  maximum pres su re  used, t h e  half-widths  a r e  of t h e  o rde r  of 1 t o  
1 . 5  cm-l, which i s  less than  t h e  s p e c t r a l  s l i t w i d t h  used i n  ob ta in ing  
most of t h e  s p e c t r a .  Consequently, the  observed t r ansmi t t ance  T(v) 
i s  very  nea r ly  t h e  t r u e  t ransmi t rance  T ' (v) .  By equat ing  these  two 
q u a n t i t i e s  and combining Equations (3-1)  and (3-2), w e  o b t a i n  
(3 -3 )  
Equat ion (3-3) w a s  used t o  determine t h e  s t r e n g t h s  of t h e  s t ronge r  bands 
l i s t e d  i n  Table 3-1 from s p e c t r a  of samples a t  p re s su res  g r e a t e r  than 
about 10 atmospheres. A t  t hese  pressures ,  T(v) T ' (v)  and Equation (3-3) 
can be used,provided T(v) i s  not  too  small, i n  which case t h e  i n t e g r a l  
g e t s  very l a rge .  Of course,  t h e  measurements cannot be made very ac- 
c u r a t e l y  from s p e c t r a  i n  which A(v) 1 - T(v) i s  too  small  because of 
t h e  l a r g e  u n c e r t a i n t y  a r i s i n g  from noise  o r  misplacement of t h e  background 
curve.  When poss ib l e ,  s p e c t r a  were 
chosen so t h a t  0.3 
p o s s i b l e  t o  use samples wi th  s u f f i c i e n t l y  l a r g e  absorber  th ickness  i n  
t h e  s h o r t e r  abso rp t ion  c e l l  t o  produce more than  a few percent  absorp- 
t ance  by t h e  very weak bands. Therefore,  t h e  s t r e n g t h s  of t hese  bands 
were n e c e s s a r i l y  determined from spec t r a  of samples contained i n  t h e  
longer  absorp t ion  c e l l ,  a l though i t s  maximum pres su re  is 2 . 5  atmospheres. 
For small  A(v), - k T ( v )  2 A(v). 
T(v) 5 0.9 over most of t he  band. It was not  
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A t  t h i s  pressure T ' ( v )  m y  be q u i t e  d i f f e r e n t  from T ( v ) ;  bu t  Equation (3-3) 
can s t i l l  be used, provided A(v) i s  smal l .  A d i scuss ion  of t h e  l i m i t a t i o n s  
of Eqliation (3-3) when dea l ing  with samples a t  r e l a t i v e l y  low p res su res  i s  
given i n  Reference 5. 
For CtC bands (quantum number i=  0 )  of CO 
l i n e  wi th in  a band i s  r e l a t e d  t o  t h e  band s t r e n g t h  S by 
t h e  s t r e n g t h  S of a given 2' m 
V 
m = J + 1 fo r  t he  R-branch and -J f o r  t h e  P-branch. B" i s  t h e  r o t a t i o n a l  
constant  of t he  lower s t a t e ,  1c i s  Boltzmann's cons t an t ,  8 i s  t h e  tempera- 
t u r e ,  and Qr i s  t h e  r o t a t i o n a l  p a r t i t i o n  func t ion .  The Q-branch i s  m i s s -  
ing i n  C C C  bands, and con ta ins  only about one percent  of t h e  s t r e n g t h  of 
R c l I  bands ( e =  1 a s  i n  1511c0110) .  
of l i n e s  i n  the  P- and R-branches of n f - n  bands.  Gray and Selvidge have 
t abu la t ed  values  of p a r t i t i o n  func t ions  and r e l a t i v e  l i n e  s t r e n g t h s  f o r  
d i f f e r e n t  types of CO bands a t  s e v e r a l  t empera tures .  
According t o  quantum theory", t h e  r e l a t i v e  s t r e n g t h  of a d i f f e r e n c e  
band v , v  +11,v3<- 0,l1O t o  i t s  a s soc ia t ed  summation band v1,v20,v3 i s  
g iven  i y  
Equation (3-4) a l s o  g ives  the lg t rengths  
2 
2 
v (v 1 2  , v  +11'V3t01'0) = 2 exp (-hc 667.4/1&) 
= 0.078 f o r  8 = 296'K. 
sv (vl, v j ,  v 3 )  
(3- 5 )  
h i s  Planck 's  cons tan t ,  c i s  t h e  speed of l i g h t ,  and t h e  f a c t o r  2 a r i ses  
from t h e  double degeneracy of t h e  0l1O s t a t e .  
between energy l e v e l s  01'0 and 00'0. 
667.4 cm" i s  t h e  d i f f e r e n c e  
Equation (3-5) a l s o  r e l a t e s  t h e  s t r e n g t h  of any d i f f e r e n c e  band t o  i t s  
a s soc ia t ed  summation o r  fundamental band i f  t h e  proper  degeneracy f a c t o r  
i s  used and 667.4 i s  rep laced  by t h e  d i f f e r e n c e  between t h e  energy l e v e l  
00'0 and t h e  lower l e v e l  f o r  t h e  d i f f e r e n c e  band. 
The s t r eng ths  of s e v e r a l  of t h e  bands i n  t h i s  r e g i o n  a re  g iven  i n  Table  3-4. 
From Equations (2-1) and (3-3) ,  we see t h a t  t h e  u n i t s  of band s t r e n g t h  
a r e  atm'l cm'l 
and not  t o  the'cfzmperature a t  which t h e  measurement w a s  made. 
ments were a t  room temperature  near  296OK. 
cm-', wi th  t h e  STP r e f e r r i n g  t o  t h e  absorber  t h i ckness  
A l l  measure- 
3-18 
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The s t r eng ths  of t h e  0O03c1Oo0 and 0O03+ 02'0 bands were determined 
from the  spectrum shown i n  Figure 3-1. There were a few H20 l i n e s  i n  
t h e  reg ion  of t h e  00 36-10 0 band i n  t h e  o r i g i n a l  spectrum because of 
t h e  t r a c e  of H 0 impuri ty  i n  t h e  sample. 
account f o r  the H 0 before  i t  was r e p l o t t e d  and d i g i t i z e d .  Poss ib l e  
e r r o r s  i n  accounting f o r  t h e  H 0 absorp t ion  inc rease  t h e  unce r t a in ty  i n  
absorptance in  the  P-branch of t h e s e  bands i s  smaller than  i n  t h e  R-branch, 
and s ince  i t  i s  more d i f f i c u l t  t o  determine t h e  wavenumber beyond which 
the re  i s  s i g n i f i c a n t  absorp t ion ,  t h e  unce r t a in ty  i n  t h e  measurements of 
t h e  P-branch i s  g r e a t e r  than  i n  t h e  R-branch. 
The 02'2 band of C12016018 appears  i n  a reg ion  which is  f r e e  of absorp t ion  
by o ther  bands and i t s  s t r e n g t h  could be determined al though i t  i s  much 
weaker than  some of t h e  o the r  bands. The va lue  g iven  i s  based on t h e  
absorber  thickness  of t h e  sample conta in ing  a l l  t h e  i so topes  of C and 0 .  
I f  we assume t h a t  t h e  sample contained t h e  n a t u r a l  abundance (0.20%) of 
0 l8 ,  t h e  s t r e n  t h  should be mul t ip l i ed  by 500 t o  apply t o  a s a m p l e  corn- 
posed O F  C1201 0 l 8  molecules only .  
.iientionc,J i n  t h e  previous paragraph, t h e  unce r t a in ty  i n  t h e  measurement 
,,f t h e  P-branch was g r e a t e r  than  t h a t  i n  t h e  R-branch. The unce r t a in ty  
i s  a l s o  r e l a t i v e l y  high because of t h e  smal l  absorptance by even t h e  
lLxrg ts t  samples. 
0 0 
The spectrum was modified t o  2 
2 
t h e  measurement of t h e  s t r e n g t  4 s by a few pe rcen t .  S ince  t h e  average 
% A s  was t h e  case  f o r  t h e  two bands 
By summing the  s t r e n g t h s  given by Equation (3-4) f o r  a l l  t h e  l i n e s  i n  
t h e  P- and R-branches, we s e e  t h a t  approximately 48% of t h e  s t r e n g t h  i s  
i n  the  P-branch and 52% i n  t h e  R-branch. We see t h a t  t h i s  ag rees ,  w i t h i n  
cxpcrimcntnl e r r o r ,  with the  r e s u l t s  l i s t e d  i n  Table 3-4. Resul t s  of 
iiit~asiirerncnts given i n  previous r e p o r t s 4 ,  
o i  t h i s  r a t i o  of s t r eng th  between t h e  two branches CC C bands.  
Port ions o f  the 06'1 band of Cl20 l6 a r e  overlapped by l i n e s  of i t s  
a s soc ia t cd  
bands of C" 0216; t h e r e f o r e ,  i t  was not  p o s s i b l e  t o  determine t h e  s t r e n g t h  
brr mcrcly in t eg ra t ing  - J?I~(TV> over t h e  r eg ion  covered by t h e  band. In  
c)rdcr t o  account f o r  t he  0 7 1 1 t 0 1 1 0  band, w e  assumed t h a t  i t s  s t r e n g t h  
was r e l a t e d  t o  t h a t  of i t s  a s s o c i a t e d  summation band by Equation (3-5).  
We f u r t h e r  assumed t h a t  t h e  s t r e n g t h  of each of t h e  l i n e s  w i t h i n  t h i s  band 
was given by Equation (3-4) and c a l c u l a t e d  t h e  c o n t r i b u t i o n  of t hose  
w i t h i  t h e  region of i n t e g r a t i o n .  
C1302p6 was small  and was c a l c u l a t e d  by assuming t h a t  t h e i r  s t r e n g t h s  
wcrc r e l a t e d  t o  the  s t r e n g t h s  of t h e  same bands of C l 2 0 2 l 6  band by t h e  
r a t i o  of t h e  r e l a t i v e  abundances of C 1 3  and C 1 2  (1,l:lOO). 
The K-branch of t h e  14'1 band i s  e s s e n t i a l l y  i s o l a t e d  from o the r  bands; 
thus  i t s  s t r eng th  could be determined wi th  r e l a t i v e l y  good accuracy.  
order  t o  c a l c u l a t e  t he  s t r e n g t h  of t h e  P-branch, t h e  same technique  was 
used t o  account f o r  t h e  c o n t r i b u t i o n  of t h e  1511 t0110  band as w a s  used 
by us tend t o  confirm t h e  v a l i d i t y  
i f f e rence  band 07ll- 6110 as w e l l  as 14'1 and '1511+0110 
The c o n t r i b u t i o n  of t h e  two bands of 
I n  
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f o r  t h e  06'1 band. 
small  amount of abso rp t ion  by t h e  weaker bands which overlap t h e  22'1 
band. 
The same technique was a l s o  used t o  account f o r  t h e  
Only a small c o r r e c t i o n  w a s  r equ i r ed  t o  account f o r  t h e  abso rp t ion  by 
weak bands overlapping t h e  P-branch of t h e  30'1 band. 
R-branch of t h i s  band i s  overlapped by t h e  03 l2  and t h e  3111 t0110  bands. 
The c o n t r i b u t i o n  of t h e  3111t0110 band could be c a l c u l a t e d  by t h e  use 
of Equation (3-5); but  without  s p e c t r a  i n  which t h e  r e s o l u t i o n  w a s  s u f f i -  
c i e n t l y  good t o  r e so lve  t h e  l i n e s  of t h e  03'2 band, i t s  c o n t r i b u t i o n  
would be d i f f i c u l t  t o  determine. Therefore, t h e  s t r e n g t h  of t h e  R-branch 
of t h e  30'1 band which is  given i n  Table 3-4 w a s  not determined d i r e c t l y  
from t h e  s p e c t r a .  
s t r e n g t h  of t h e  R-branch t o  t h e  P-branch (52/48) mentioned above i s  v a l i d .  
However, t h e  
It w a s  obtained by assuming t h a t  t h e  r a t i o  of t h e  
By using more s o p h i s t i c a t e d  techniques and by making use of s p e c t r a  having 
considerably b e t t e r  r e s o l u t i o n ,  i t  would be p o s s i b l e  t o  determine t h e  
s t r e n g t h s  of more of t h e  bands i n  t h i s  region.  However, we have d e t e r -  
mined t h e  s t r e n g t h s  of t h e  more important ones which produce a very l a r g e  
percentage of t h e  abso rp t ion  i n  t h i s  region.  
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SECTION 4 
TABLE OF TRANSMITTANCES 
Table 4 -1  c o n s i s t s  of va lues  of t ransmit tance,  i n  percent  recorded a t  
i n t e r v a l s  of 0 .2  cm-1 i n  t h e  region from 5814 t o  6604 cm- . 
The i n t e r v a l  is s u f f i c i e n t l y  small tha t  an o r i g i n a l  spectrum could be 
approximated very c l o s e l y  by p l o t t i n g  the  t a b u l a t e d  va lues  and j o i n i n g  
t h e  p o i n t s  with s t r a i g h t  l i n e s .  The f i r s t  column g i v e s  t h e  wavenumber 
i n  cm'l, and the  second g i v e s  t h e  corresponding wavelength i n  microns. 
The t a b l e s  were made by photographing a p o r t i o n  of t h e  computer output 
which w a s  obtained from t h e  s p e c t r a  by t h e  technique descr ibed i n  Appendix 
C of r e fe rence  4 .  
1 
The C02 p a r t i a l  p re s su re  p, t he  equivalent p re s su re  Pe and t h e  absorber  
t h i c k n e s s  u a r e  shown a t  t h e  top  of the column corresponding t o  each 
sample. 
i n  t h e  s p e c t r a  i n  Sec t ion  3 .  
m e  samples a r e  designated by t h e  same numbers as Table 3-2 and 
Values a r e  no t  t abu la t ed  over regions of small, but observable ,  absorptance 
(T 1) f o r  some of t h e  samples. The t r ansmi t t ance  is  probably g r e a t e r  
t han  0.98 o r  0.99 f o r  even t h e  l a r g e s t  sample (No. 1) a t  a l l  wavenumbers 
between 5400 and 6600 cm-l not  shawing abso rp t ion  i n  e i t h e r  Figure 3-1 
o r  3-2 .  
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TABLE OF INTEGRATED ABSORPTANCE 
Values of t h e  in t eg ra t ed  absorptance over t h e  r eg ion  from 5814 t o  6582 c m - l  
a r e  presented i n  Table 5-1 f o r  t h e  samples l i s t e d  i n  Table 3 - 2 .  The 
i n t e g r a l s  were ca l cu la t ed  from t h e  t ransmit tance t a b l e s  i n  Sect ion 4 by 
assuming a spectrum could be constructed by p l o t t i n g  t h e  t r ansmi t t ance  
values  and jo in ing  them with s t r a i g h t  l i n e s .  The important sample para- 
meters a r e  l i s t e d  a t  t h e  top of each column corresponding t o  a given 
sample. 
The lower l i m i t  of i n t e g r a t i o n  v ' ,  which i s  shown a t  t h e  top of each 
column, w a s  chosen a t  a point  where the re  w a s  very l i t t l e ,  i f  any, ab- 
s o r p t i o n .  w '  is  d i f f e r e n t  f o r  some samples than f o r  o t h e r s ,  s i n c e  t h e  
i n t e g r a t i o n  was no t  performed over some of t h e  regions of small abso rp t ion .  
The abso rp t ion  by small samples i s  n e g l i g i b l e  i n  some regions where it  i s  
important f o r  l a r g e  samples. 
I n  r eg ions  where t h e  s t r u c t u r e  i n  t h e  spec t r a  i s  r e g u l a r ,  t h e  in t eg ra t ed  
absorptance w a s  c a l c u l a t e d  a t  wavenumbers midway between t h e  l i n e  c e n t e r s .  
Thus,  i n  t h e  case  of no overlapping, the d i f f e r e n c e  between two successive 
t a b u l a t e d  values  i s  the equivalent  width of t h e  abso rp t ion  l i n e  i n  t h e  
i n t e r v a l .  I n  Some o t h e r  regions where t h e  s t r u c t u r e  w a s  not p a r t i c u l a r l y  
r e g u l a r ,  t h e  in t eg ra t ed  absorptance was c a l c u l a t e d  a t  wavenumbers corres-  
ponding t o  absorptance minima. 
l i t t l e  s t r u c t u r e  o r  where t h e  absorptance minima would s h i f t  a s  t h e  p re s su re  
o r  abso rbe r  t h i ckness  w a s  changed, the values  were c a l c u l a t e d  a t  i n t e g r a l  
wavenumbers, o r  poss ib ly  a t  i n t e g r a l  half-wavenumbers, depending on t h e  
amoiint of information one might expect t o  ob ta in  from c l o s e r  readings.  
I n  s t i l l  other  regions where t h e r e  w a s  but 
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